Background: The optimal postoperative rehabilitation protocol following repair of complete proximal hamstring tendon ruptures is the subject of ongoing investigation, with a need for more standardized regimens and evidence-based modalities.
Complete proximal hamstring tendon ruptures are relatively uncommon injuries resulting from abrupt hyperflexion of the hip during knee extension. 2 While most hamstring injuries are strains occurring at the myotendinous junction, 17 proximal tendon ruptures account for nearly 12% of all hamstring injuries; they can be further characterized as complete or incomplete and with or without retraction of the tendinous insertion. 21 Whereas strains can be successfully managed nonoperatively, 11 recent studies have supported early operative repair of complete tendon ruptures. Harris et al 16 systematically reviewed 18 studies, which included 286 operative and 14 nonoperative cases, and found improved clinical outcomes following operative repair. Specifically, operative repair resulted in a higher rate of return to preinjury level of sport and improved strength and endurance compared with nonoperative management. Van der Made et al 34 performed a meta-analysis of 13 studies that included 387 total operative cases with magnetic resonance imaging or ultrasonography-confirmed proximal hamstring tendon ruptures; this meta-analysis showed improved patient satisfaction after operative repair. Most recently, a prospective case series of 96 operative cases also found benefit for surgical intervention, as evidenced by significantly better patient-reported outcomes when compared with conservative measures across all tendon avulsions regardless of time to surgery, degree of injury, or presence of tendon retraction. 4 Despite the growing support for operative management of complete proximal hamstring tendon rupture, optimal guidelines for rehabilitation are not well established. This stands in contrast to numerous studies detailing physical therapy protocols for conservative management of hamstring strains and tears. 31, 36 Presently, physical therapy protocols are primarily based on rupture chronicity, the surgeon's input regarding strength and tension of the repair, and the physical therapist's assessment of tissue healing. 8 Without a validated standard-of-care protocol, wide variability exists across the professional literature with regard to key elements of rehabilitation, including early postoperative protection, phases of rehabilitation, incorporation of hamstring stretching, and criteria for return to activity and sport. 1, 15 In this observational study, we evaluated a series of online rehabilitation protocols for the management of operatively treated complete proximal hamstring ruptures. Our primary objective was to better characterize protocol variability with regard to the inclusion and timing of key physical therapy components.
METHODS
Using a method similar to that proposed by Makhni et al, 24 we conducted a general web-based search in May 2017 of publicly available physical therapy protocols from the websites of United States academic orthopaedic surgery programs participating in the Electronic Residency Application Service (ERAS). ERAS is an online, centralized application service used in the residency application process. Academically driven protocols were preferentially selected in order to limit the degree of bias and variability obtained through online search engines. However, as only 21 academic protocols were identified, an additional 14 protocols were identified in May 2017 via a general web-based query (www.google. com) by use of the search term complete proximal hamstring repair rehabilitation protocol. This was performed to increase the sample size to a total of 35 protocols; however, these additional 14 protocols are also the most accessible protocols for patients. Supplemental protocols for pediatric patients, nonproximal hamstring repairs, or repairs following incomplete tears were not chosen for review. Furthermore, those protocols lacking sufficient detail, such as specific time points for the initiation of protocol components, were excluded from review.
A custom rubric was created, with scoring sections for the following rehabilitation protocol components: postoperative adjunctive therapies including bracing and cryotherapy, weightbearing status, range of motion (ROM) limitations, strengthening, stretching, proprioception exercises, and return to basic and athletic activities (Table 1) . Each protocol was reviewed and appropriately scored based on the presence of the aforementioned rehabilitation protocol components. Data on the timing of specific interventions, as well as markers for therapy progression, were recorded and documented.
RESULTS
Thirty-five rehabilitation protocols for proximal hamstring repair were collected and included for review. Of the 155 ERAS-affiliated academic orthopaedic programs, 21 programs (14%) provided publicly available physical therapy protocols. The remaining 14 protocols were the first protocols identified by a general web-based search.
Postoperative Adjunctive Therapy
Three types of postoperative adjunct therapies were assessed ( Figure 1A) : bracing, cryotherapy, and neuromuscular electric stimulation (NMES). Most protocols (71%) advised immediate postoperative bracing: 34% recommended knee braces, while 23% recommended hip braces. The remaining 5 protocols (14%) recommended postoperative bracing but did not specify the type of brace to be used. For knee orthoses, bracing was recommended with the knee locked at 90 of flexion postoperatively by most protocols (64%) ( Figure 1B) . Alternatively, 53% of protocols recommending hip orthoses, advised limiting hip flexion to 45
( Figure 1C ). The mean time points for discontinuing knee and hip orthoses were 5.5 weeks (range, 4-6 weeks) and 6.0 
Weightbearing and Range of Motion
With regard to immediate postoperative weightbearing, nonweightbearing and toe-touch weightbearing with crutches were nearly equally represented across studied protocols at 40% and 46%, respectively. Five protocols (14%) recommended partial weightbearing at varying percentages of body weight immediately postoperatively. The timeline for return to full weightbearing was reported at a mean of 7.1 (range, 4-12) weeks. ROM milestones were rarely reported; when they were noted, they showed considerable variability in both the inclusion and timing of ROM goals. Only 6 protocols (17%) provided specific time points for achieving full hip and knee ROM, at means of 8.0 weeks (range, 4-12 weeks) and 7.8 weeks (range, 0-12 weeks), respectively.
Strengthening
Fifteen strengthening exercises were examined in this investigation (see Table 1 ). Seven of the 15 exercises appeared in greater than 50% of protocols, with passive range of motion (PROM) of the knee and hip being the most commonly (28/35, 80%) recommended activity ( Figure 2A ). Wide variation was apparent with regard to when exercises were initiated ( Figure 2B ).
Step-ups/downs and lunges were found to have the most variability in terms of recommended start times; in both, the range for earliest start date covered 16 weeks.
Stretching and Proprioception
Forty-six percent of protocols recommended starting hamstring stretches at a mean of 10.1 weeks (range, 6-17 weeks) postoperatively. Hip flexion/adduction, quadriceps, and calf stretches were rarely recommended, included in 4 or fewer protocols.
Five different proprioceptive exercises were selected for review (see Table 1 ). The most frequently recommended exercise was weight shifting, included by 51% of protocols ( Figure 3A) . As with strengthening exercises, a significant degree of variability was found with regard to earliest start dates ( Figure 3B ). This was particularly evident for unspecified "advanced proprioceptive" exercises, recommended at a mean of 15.6 weeks (range, 8-22 weeks).
Return to Basic Activity
Eleven activities were included in the rubric to assess return to basic activity (see Table 1 ). Normal gait training was the most frequently recommended, reported by 71% of protocols ( Figure 4A ). Stationary biking and jogging were also common, both mentioned by 60% of protocols. Upper body exercises or circuits were the earliest activities, initiated at a mean start time of approximately 5 days. Start dates for jogging, running, and sprinting were highly variable ( Figure 4B ).
Return to Athletic Activity
Return to athletic activity was assessed by 4 metrics: sports-specific drills, plyometrics, multiplane activities, and agility exercises ( Figure 5A ). Across these activities, less than 25% of protocols were well described in terms of specific exercises and drills to be performed ( Figure 5A ). Again, considerable variability with regard to earliest start dates was noted across rehabilitation protocols ( Figure 5B ). Twenty-six protocols (75%) specifically reported return to training as a goal for proximal hamstring repair rehabilitation, at a mean of 21.5 weeks (range, 12-26 weeks). Fifteen protocols (43%) provided explicit criteria for this progression, of which 14 (40%) utilized isokinetic hamstring strength testing. Only 3 protocols explicitly recommended hop testing as an assessment tool for return to training. Return to competition was mentioned by 4 protocols, at a mean of 28.3 weeks (range, 22-39 weeks) postoperatively ( Figure 5B ).
DISCUSSION
Recent studies have confirmed the longstanding belief that early operative management of complete proximal hamstring tendon rupture leads to superior clinical and patient-reported outcomes. 4, 5, 8, 10, 16, 30, 34 However, amid the effort to accrue more high-quality prospective outcome studies, the importance of the postoperative rehabilitation process has been noticeably overlooked despite the possibility that it promotes earlier return to sport and prevents reinjury. 1, 15 In this study, we highlight that a minority of orthopaedic teaching programs publish proximal hamstring physical therapy protocols online; furthermore, available protocols are marked by disparities in both the inclusion of specific physical therapy modalities and the timelines of rehabilitation milestones. The wide variability in fundamental physical therapy components observed across online academic protocols is mirrored in the scientific literature. ‡ Thus, there is a need for rehabilitation-centered investigations with aims of establishing a validated rehabilitation protocol and, ultimately, standardizing physical therapy programs to improve patient care. 1, 15, 18 In 2009, Hamersly and Schrader 15 reviewed 7 studies that had published postoperative rehabilitation regimens for complete proximal hamstring tendon tears, and their review noted the paucity and variability of scientific literature on the topic. Askling et al 1 later reviewed the available literature for treatment of acute, total proximal hamstring tendon ruptures and arrived at the same conclusion regarding postoperative management: The studies were sparse and the proposed protocols varied widely. Notably, of all the studies included in both reviews, only one had established an objective of proposing a detailed rehabilitation protocol. 18 Both of these groups of authors subsequently proposed rehabilitation guidelines, but considerable variability remained between basic components such as immobilization and early weightbearing status. 1, 15 Given this level of discrepancy, a baseline assessment of variability across key physical therapy components in the professional literature, as well as online, is warranted.
Weightbearing Limitations
Weightbearing status is one of the most important aspects of early rehabilitation. Restrictions on weightbearing status after complete proximal hamstring tendon repair are important to prevent hamstring activation and muscle lengthening. 1, 15 In our study, immediate nonweightbearing and toe-touch weightbearing were represented nearly equally across protocols, at 40% and 46%, respectively. Fewer protocols (14%) permitted initial partial weightbearing. Progression to full weightbearing was reported at a mean of 7.1 weeks (range, 4-12 weeks).
These findings are congruent with the available scientific literature. Several studies recommended immediate nonweightbearing periods lasting between 4 and 8 weeks, 9, 15, 20, 25 while others permitted immediate toetouch weightbearing for periods between 2 and 6 weeks. 1, 7, 12, 13, 30 Fewer research protocols have proposed immediate partial weightbearing with crutches 23, 35 ; of those doing so, full weightbearing was achieved by 6 weeks. Of note, in a case study of a patient with a chronic repair requiring an Achilles tendon allograft, immediate weightbearing as tolerated was permitted while using a Bledsoe hip spica knee brace. 18 As an outlier to conservative management, Birmingham et al 3 allowed immediate full weightbearing with the aid of crutches and a pelvic-thigh-hip spica orthosis in their case series of 9 acute and 14 chronic repairs.
Hip and Knee Immobilization
Immobilization of the hip, knee, or both hip and after complete proximal hamstring repairs remains a conundrum. While 71% of online protocols recommended immediate postoperative bracing, 34% recommended knee braces and 23% recommended hip braces. Of those protocols prescribing knee braces, 64% recommended locking the knee at 90 of flexion. Alternatively, for the protocols prescribing hip braces, 53% recommended limiting hip flexion to 45
. Several online protocols stated that the use of a brace was predicated on the discretion of the surgeon, the time of year, and the timing of surgery relative to the date of injury.
Within the professional literature, several notable studies recommend against postoperative bracing as long as the patient is capable of maintaining the leg in a neutral position. 1, 19, 26, 32 In reporting the outcomes of 72 acute and chronic complete proximal hamstring tears, Carmichael et al 8 required only the chronic cases to use hinged knee braces with extension blocks at 90
. While several studies advocated the use of a hip brace, 3, 12, 13 knee braces locked at 90 of flexion were also commonly recommended. 20, 35 Interestingly, although hip and knee orthoses, as well as hip-knee-ankle orthoses, have been used in the scientific literature, 7,18,25 they were not mentioned in any of the online protocols reviewed in our study. Also, hamstring slings, in which a strap around the waist connects to the heel of the shoe to limit knee extension, have been recommended by 2 studies but were not mentioned in online protocols. 15, 29 Furthermore, two studies advised postoperative splinting. Lefevre et al, 23 in their prospective case series of 34 patients undergoing operative repair of acute complete proximal hamstring rupture, immobilized the knee with a splint flexed at 30 for the first postoperative week. Afterward, the splint was replaced by a custom hinged knee brace that allowed free knee flexion but limited extension at 30 . Chakravarthy et al 10 used a thermoplastic splint to maintain the knee at 90 of flexion during the first 2 postoperative weeks.
Hip and Knee Range of Motion
A short period of immobilization is thought to accelerate granulation tissue formation; however, establishing early ROM is critical to prevent muscle atrophy, promote muscle strengthening, resorb scar tissue, and reperfuse damaged tissue. 10, 22 Across online protocols, ROM milestones were vastly underreported, as only 6 protocols (17%) provided time points for achieving full hip and knee ROM. However, 80% of protocols recommended gentle PROM starting at a mean of 1.4 weeks (range, 0-3 weeks), and 69% of protocols recommended active range of motion (AROM) starting at a mean of 4.0 weeks (range, 0-6 weeks).
ROM milestones are also variable in the scientific literature. However, some of this variability can be explained by different recommendations for acute versus chronic ruptures. Brucker and Imhoff, 7 in their case series of 6 acute and 2 chronic complete proximal hamstring avulsions, expected patients to achieve full ROM between 14 and 16 weeks. On the other hand, Marx et al 25 described 2 patients with allograft repair for chronic ruptures who remained nonweightbearing for 8 weeks and began active knee extension and passive flexion at 12 weeks postsurgery. For those studies focusing exclusively on acute complete proximal hamstring tendon tears, PROM and AROM start dates mirrored those of our investigation, at 2 and 4 weeks, respectively. 12, 13, 30 Interestingly, Chakravarthy et al 10 described testing the amount of knee extension intraoperatively to determine a safe ROM arc for the promotion of early passive extension.
Hamstring Stretching
The role of hamstring stretching in complete proximal hamstring rupture rehabilitation is a contentious subject. In our study, nearly half of all protocols (46%) recommended initiating hamstring-specific exercises, at a mean of 10.1 weeks (range, 6-17 weeks). In the scientific literature, hamstring stretches are rarely recommended. Rather, several studies explicitly recommend against stretching. 1, 15, 30 In their retrospective analysis of 41 patients undergoing repair for both acute and chronic complete proximal hamstring avulsions, Sarimo et al 30 noted that any form of hamstring stretch was prohibited within the first 4 weeks after surgery. More recently, both Hamersly and Schrader 15 and Sallay et al 29 stated that hamstring stretches were avoided entirely given the risk of repair tissue elongation, or "creep," and the tendency for the muscle to return to length through normal activities of daily living.
Return to Training
It is well described that neglected complete ruptures of the hamstring origin can result in significant functional impairment. 10, 34 However, a successful repair followed by a rigorous rehabilitation program should enable patients to return to preinjury levels of activity and sport.
§ In 2015, Van der Made et al 34 systematically reviewed 387 operative cases and concluded that after operative repair of acute and chronic proximal hamstring avulsion, 76% to 100% of patients returned to sports, 55% to 100% returned to preinjury activity level, and 88% to 100% were highly satisfied with their surgery. In the final stages of rehabilitation, patients demonstrate competence and confidence across a range of functional and athletic activities prior to return to sport. There is widespread support for the use of functional performance tests and isokinetic strength measurements in assessing readiness for return to training. 12, 14, 15, 20, 29, 32 In our study, while those protocols with well-defined criteria for return to training frequently used isokinetic hamstring testing (14/15, 93%), hopping tests were rarely recommended (3/15, 20%).
Protocol Standardization
Addressing the widespread variability of rehabilitation protocols found in both professional literature and online is an important next step for researchers and clinicians alike. Standardization of physical therapy protocols after several orthopaedic procedures has been shown to be of great benefit. In total joint replacement, increased standardization of clinical pathways led to improvements in both patient outcomes and resource utilization. 6, 22 Additionally, standardization has been shown to enhance interdisciplinary communication and increase patient and family engagement in care. 33 Our investigation revealed considerable variability with regard to both the inclusion of specific physical therapy components and the timing of when these components are introduced postoperatively. Although specific timelines for therapy progression can be expected to vary between protocols, such wide discrepancies in basic adjunctive therapies, weightbearing status, and ROM milestones are indicative of a lack of evidence-based guidelines. 12 Our observation that the majority of protocols rarely provided clear, patient-directed instructions or explicit criteria for progression throughout the recovery process further highlights the lack of consensus regarding best practices.
Study Limitations
This observational study has several limitations. First, although 155 total ERAS-affiliated orthopaedic programs were considered, only 21 programs provided protocols that met the eligibility criteria. From our initial searches, it was apparent that this number represents a small minority of available online rehabilitation protocols for complete proximal hamstring repair. Many individual physicians and practice groups provide rehabilitation protocols on personalized websites. As a result, the data pool was supplemented with non-ERAS-affiliated protocols that were readily and consistently available via a commonly used webbased search engine. In our attempt to better characterize the variability of rehabilitation protocols that are easily § References 7, 8-10, 12, 13, 15, 18-20, 23, 25, 26, 35 .
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Variability of Online Rehabilitation Protocols 7 accessible to patients, the protocols were not stratified but rather were assessed as a single collective group. Notably, this method was used in a prior investigation evaluating quality and variability of anterior cruciate liagment rehabilitation and was selected in an effort to identify a series of comparable protocols while minimizing selection bias. 24 Additionally, while the included rehabilitation protocols were limited to complete proximal hamstring tendon ruptures, the protocols themselves rarely specified rupture chronicity and operative technique. For example, it is reasonable to expect that operative management in the acute setting would involve primary repair 1, 3, 28 ; however, depending on the level of tendon retraction, graft assistance could be necessary. Certainly, postoperative management could differ between acute versus chronic and primary versus graft-assisted repairs; these discrepancies are potential confounders that could influence the course of rehabilitation. Moreover, as Cohen and Bradley 12 described in 2007, the patient populations most affected by this uncommon injury are elite-level athletes and middle-aged individuals. None of the online protocols reviewed in this investigation designated a specific target population with respect to the age and athletic status of patients. As with variation in operative technique, it would be expected that the postoperative recovery process would differ between these 2 demographics.
Last, our study is limited by potential barriers to the use of multimedia by the studied institutions. It is unrealistic to assume that all programs have a particular goal to increase the dissemination of publicly available information through online content. Our study merely sought to detect the presence or absence of said material but did not investigate whether the presence would be helpful to the community each institution serves. Despite the aforementioned limitations, given the overall trend toward the use of online content, our findings reveal a specific area for improving patient education and health care content access with regard to rehabilitation after operative management of complete proximal hamstring rupture.
CONCLUSION
In conclusion, this study demonstrates the marked variability in both the composition and timing of rehabilitation components across the few academic complete proximal hamstring repair rehabilitation protocols that are published online. This finding mirrors the variability of proposed rehabilitation protocols in the professional literature. Such variability, with the corresponding lack of outcome-based studies to establish guidelines, represents an opportunity for future research to increase access to more evidence-based, standardized health care content.
